DNA markers are powerful tools for verifying the varietal identity and genetic homogeneity of F 1 hybrid seeds. F 1 varieties are becoming increasingly prevalent in bunching onion (Allium fistulosum L.) production in Japan because of the high uniformity of agronomic traits. However, bunching onion is an allogamous crop and suffers from severe inbreeding depression when selfed. It is considered that not only open-pollinated varieties but also the parental lines of F 1 hybrids should maintain a certain degree of average heterozygosity and hence genetic heterogeneity. In the present study, the genetic homogeneity of eight bunching onion varieties, including six F 1 hybrids, was evaluated using 14 SSR markers. Two or more polymorphic alleles were detected at all of the SSR loci examined in each variety. The number of alleles detected in the eight varieties ranged from 3 to 7 among the 14 SSR loci, and the polymorphism information content from 0.41 to 0.76. All the varieties examined displayed very low degrees of uniformity at all of these polymorphic loci. Based on these results, it may be impossible to determine an appropriate genotypic identity for any of the existing bunching onion varieties. To facilitate and enhance the accuracy of variety identification, we proposed here an "SSR-tagged breeding" scheme in which the plants homozygous at a few SSR loci would be selected out of a foundation seed field. This scheme may enable to achieve efficient variety identification and purity determination of F 1 seeds not only in bunching onion but also in any allogamous crops exhibiting severe inbreeding depression.
Introduction
To determine the quality of hybrid seeds, seed companies maintain quality control programs that monitor seeds from harvest to purchase (McDonald 1998) . Traditionally, grow-out test or morphological comparison of seedlings has been conducted to check the genetic purity of hybrid seeds. However, since these tests are time-consuming and require a large area, a seed purity test based on molecular markers should be developed. These markers are also useful for variety identification and hence for the protection of breeders' rights.
Methods including isozyme (Tanksley and Jones 1981) , restriction fragment length polymorphism (RFLP) (Livneh et al. 1990 ) and random amplified polymorphic DNA (RAPD) analysis (Hashizume et al. 1993 , Ballester and de Vicente 1998 , Crockett et al. 2000 have all been used to test hybrid purity. Although isozyme analysis is simple and easy, it does not enable to effectively detect polymorphisms between closely related genotypes (Crockett et al. 2000) . Although the RFLP method is highly reliable, it displays the limitations of most routine commercial testing; specifically, being time-consuming, labor-intensive and requiring complex procedures.
In comparison, PCR-based techniques are simple, fast and easily automated. Because of its remarkable simplicity and rapidity, the RAPD technique is currently widely used for detecting DNA polymorphisms. However, RAPD method is associated with some problems as well, including the low reproducibility of some bands, and uncertainty in the homology of some fragments co-migrating in gel electrophoresis experiments (Klaas and Friesen 2002) . In contrast, simple sequence repeats (SSRs), also called microsatellites or simple tandem repeats (STRs), are very useful because of their codominant mode of inheritance, higher reliability over RAPDs and abundance in genomes (Jones et al. 1997) . SSRs are used for linkage map construction, marker-assisted selection, diversity studies and genomic synteny analysis. Moreover, SSR markers can also be applied to variety identification (Bredemeijer et al. 1998 , Meesang et al. 2001 , Rajora and Rahman 2003 .
In the genus Allium, Fischer and Bachmann (2000) first reported the isolation of SSRs from bulb onion (A. cepa L. Common onion group). In a previous study, we isolated a large number of SSRs from a genomic library of bunching onion (A. fistulosum L., Song et al. 2004) , some of which were used for constructing a linkage map (Ohara et al. 2005) . More recently, hundreds of expressed sequence tag (EST)-derived SSR markers have been developed from an analysis of a bulb onion cDNA library (Kuhl et al. 2004 .
Bunching onion is considered to have originated in northwestern China and is mainly cultivated in East Asian countries, particularly in Japan, China and Korea (Kumazawa and Katsumata 1965, Ford-Lloyd and Armstrong 1993) . In Japan, bunching onion accounts for the fourth highest annual output among vegetables, following tomato, strawberry and cucumber (MAFF 2005) . Bunching onion is a typical allogamous crop arising from protandry, resulting in a high rate of outcrossing (Ford-Lloyd and Armstrong 1993) . It is self-compatible, but suffers from severe inbreeding depression when self-pollinated. Open-pollinated (OP) varieties of bunching onion exhibit very high degrees of genetic heterogeneity (Haishima et al. 1993) . Parental lines of F 1 hybrids may also maintain a certain degree of genetic heterogeneity.
The objective of the present study was to determine whether the SSR markers can be applied to F 1 purity test in bunching onion by investigating the level of genetic uniformity of commercial F 1 varieties. Furthermore, a breeding scheme was proposed to confer traceability that would allow for easy identification and/or seed purity determination of varieties using SSR markers.
Materials and Methods

Plant materials
Eight varieties of bunching onion (6 F 1 varieties, 1 OP variety, 'Yoshikura' and 1 landrace, 'Ojima') and one acces-sion of A. altaicum Pall., JP138870, which is the closest species and is considered to be the wild progenitor of A. fistulosum (Friesen et al. 1999 ), were used (Table 1) . Seeds were sown in 200-cell plug trays (one seed per plug), and the seedlings were transplanted to the field at seven weeks after sowing. All the eight varieties belonged to "Senju", the most popular varietal group of bunching onion in Japan. The A. altaicum accession was introduced from Almaty Botanical Garden, Kazakhstan, in 1997, and propagated by open-pollination at NIVTS.
DNA extraction and PCR amplification
Total DNA was extracted from 0.1 g of fresh leaf tissues from 3-month-old plant (randomly selected 33 plants/ variety) using a Nucleon PhytoPure kit (Amersham Biosciences, NJ, USA). To remove the polysaccharides, the DNA solution was purified with a resin.
Fourteen SSR markers were used for DNA fingerprinting (Table 2) . These SSR loci were highly polymorphic among nine bunching onion varieties (Song et al. 2004) . The details of the PCR conditions and acrylamide gel electrophoresis of the PCR products were described previously by Song et al. (2004) .
Evaluation of genetic uniformity
The degree of DNA polymorphism at each SSR locus was evaluated, based on the polymorphic information content (PIC). The PIC value was calculated for each SSR locus according to the formula (Anderson et al. 1993) ;
where k is the total number of alleles detected for a locus and P i is the frequency of the ith allele in the set of eight bunching onion varieties, 33 plants each, investigated. For evaluating the genetic homogeneity, the number of alleles, the number of genotypes determined and the proportion of plants exhibiting the prevailing genotype (Pr%) were calculated for each variety. When more than 5% of the individuals in a variety carried any other alleles than the prevailing one, the locus was defined as polymorphic in the variety. For each variety, the frequency of heterogeneous loci was represented by the proportion of polymorphic loci (Pl) among the 14 SSR loci investigated. 
Results
All the SSR primer sets used amplified one or two bands in each plant, revealing polymorphism and genetic heterogeneity in each variety ( Fig. 1 ). Within the eight bunching onion varieties, the PIC values of the SSR markers ranged from 0.41 to 0.76 among the 14 loci with an average value of 0.59 (Table 3) .
The number of alleles detected at each locus varied among the varieties and SSR loci, ranging from 3 to 7 among the eight varieties with an average value of 4.3 (Table 3) . A. altaicum-specific alleles were detected at three loci (AFS096, 146 and 149; data not shown).
The number of alleles within each variety at each locus ranged from 2 to 7 with an average value of 3.1 (Table 4 ). The number of genotypes within each variety ranged from 1 to 15 with an average value of 4.1. In the landrace 'Ojima', 7 alleles were detected and thereby 15 genotypes were found at the AFS123 locus. The Pr% values averaged over the 14 SSR loci ranged from 45 to 73 in the eight varieties, with an average value of 58. Even though the F 1 varieties were found to be highly heterogeneous, the landrace 'Ojima' and the OP variety, 'Yoshikura', were still more heterogeneous. The average Pr% scores showed that three of the F 1 varieties, 'Yuzan', 'Natsubasho' and 'White Tower', were as heterogeneous as the OP variety, the landrace variety and even the A. altaicum accession studied (Table 4) .
Among the 112 loci (8 varieties × 14 SSRs) studied, only 4 loci were found to be genetically uniform in at least one variety. 'Natsuougi 2' at the AFS104 and AFS145 loci and 'Shuitsu' at the AFS105 and AFS110 loci were highly homogeneous. Of them, 'Natsuougi 2' at AFS145 was highly homozygous, whereas heterozygous at other loci. However, the other loci in these varieties were polymorphic, as was the case for most of the SSR loci studied in the bunching onion varieties, including the F 1 varieties. As a result, the Pl value was very high (86 or 100%) in all the varieties investigated (Table 4 ).
Discussion
Although bunching onion is self-compatible, it is protandrous and usually insect-pollinated, exhibiting a high acaaggatgagttgtcatgttgtga 1) Song et al. (2004) . 2) Ohara et al. (2005) .
3) Developed in this study. A F S 0 3 9 5 0 . 5 7 A F S 1 2 3 7 0 . 6 2 A F S 0 9 6 5 0 . 6 6 A F S 1 3 1 3 0 . 6 0 A F S 0 9 9 5 0 . 5 7 A F S 1 4 2 5 0 . 7 6 A F S 1 0 4 3 0 . 6 4 A F S 1 4 5 3 0 . 4 1 A F S 1 0 5 5 0 . 6 6 A F S 1 4 6 4 0 . 5 4 A F S 1 1 0 3 0 . 5 4 A F S 1 4 9 5 0 . 6 8 A F S 1 1 1 4 0 . 4 7 A F S 1 5 2 3 0 . 5 4 Mean 4.3 0.59 rate of outcrossing (Kumazawa and Katsumata 1965, Ford-Lloyd and Armstrong 1993) . Therefore, it is considered that the landraces and OP varieties of bunching onion maintain high levels of heterozygosity and heterogeneity. It was previously reported that very high degrees of genetic heterogeneity occurred within landrace varieties of bunching onion (Haishima et al. 1993 ) and bulb onion (Rouamba et al. 2001 ) based on an isozyme study. We used SSR markers for the evaluation of the degree of genetic heterogeneity. The number of alleles and the PIC value at each SSR locus showed that SSRs were highly polymorphic (Table 3) . A high degree of heterogeneity was also found even in the commercial F 1 varieties ( Fig. 1 and Table 4 ). In the present study, the Pr% value, instead of the degree of heterozygosity (H e , Nei 1973), was used for the evaluation of the degree of heterogeneity, since F 1 varieties can be highly homogeneous, even though completely heterozygous. If an F 1 variety is produced by crossing two pure lines, the variety should be homogeneous at all the loci, regardless of homozygosity or heterozygosity for the locus. In the present study, however, more than two genotypes were found at significant frequencies at most of the loci in each variety. Not only OP or landrace varieties but also F 1 varieties showed very high Pl values (Table 4) . It was, therefore, considered that most of, if not all, the parental lines of existing F 1 varieties of the bunching onion were not genetically uniform.
In F 1 seed production of bulb onion, parental lines are usually maintained by open-pollination of lines selfed only two or three times to avoid inbreeding depression . It is considered that the same procedure could be applied to bunching onion breeding. In addition, some F 1 hybrid seeds may be produced by a three-way cross or double cross in order to decrease the cost of seed production. The present results have revealed how closely bunching onion breeders paid attention to avoid inbreeding depression, and demonstrated that it is impossible to determine an appropriate genotypic identity for any existing bunching onion variety.
In general, the agronomic traits of F 1 varieties are more uniform than those of OP and landrace varieties. We confirmed that the bunching onion F 1 varieties tended to be more genetically uniform than the OP and landrace varieties (Table 4 ). However, since bunching onion breeding takes many years (usually 1-2 years per generation) and bunching onion shows severe inbreeding depression, it is very difficult to produce pure lines of bunching onion. Moreover, the F 1 purity test, based on grow-out test or morphological comparison of bunching onion seedlings, is time-consuming and requires a large area because of the extremely slow growth of the plants.
We, therefore, proposed here a "SSR-tagged breeding" scheme to enhance the rapidity, ease and accuracy of variety identification and F 1 purity test in bunching onion (Fig. 2) . This scheme consists of the following four steps; 1. Selection of a small number of highly polymorphic SSR loci that are not tightly linked to each other. Varieties developed using this scheme can be efficiently identified by examining individuals for the desired genotypes at a few SSR loci. In addition, the purity of F 1 seeds can be rapidly and accurately evaluated, based on the degree of uniformity at the selected SSR loci. This scheme can be applied to any allogamous crops in which inbreeding depression is as severe as in bunching onion. Our "SSR-tagged breeding" scheme could be useful for protecting breeder's rights and also for conferring variety traceability in such crops. Fig. 2 . The "SSR-tagged breeding" scheme to achieve variety identification and F 1 purity test in bunching onion. In bunching onion breeding, most of the F 1 seeds are produced by using the cytoplasmic male sterility (CMS) system as in bulb onion. In this case, the top and the bottom loci are selected and genetically fixed into a genotype denoted by a white circle for the seed parent and black circle for the pollen parent. These two parental lines are crossed to produce F 1 hybrid seeds, which are heterozygous and homogeneous at the selected loci but heterogeneous at many others. For F 1 purity test or variety identification, these selected loci can be used.
